This paper presents an experimental investigation of a new method for damage detection based on the most fundamental concept in continuum mechanics: strain compatibility. Compliance with this principle implies a deformed material is free from discontinuities, which are indicative of many types of structural damage. Therefore the principle of strain compatibility, in its ability to identify discontinuities, is very promising as a new foundation for future research into nondestructive evaluation and structural health monitoring technologies. The proposed method has many advantages compared to existing damage detection techniques, such as its invariance to material properties, type and intensity of loading, and the geometry of the structure. In this paper, a proposed formulation of the strain compatibility equation for beam structures, which is invariant to loading intensity, is presented. An experimental investigation of the proposed algorithm was conducted on a delaminated cantilever beam, utilising a PSV-3D scanning laser vibrometer. The experiment demonstrated that the strain compatibility technique can accurately locate delamination damage in composite beam structures.
Introduction
In the 1860s Saint-Venant derived the equations of strain compatibility, which are used to solve various problems, most particularly in the theory of elasticity. This concept of strain compatibility has both mathematical and physical significance [1] . From a mathematical point of view, this theory asserts the components of displacement match the geometrical boundary conditions and are single-valued, continuous functions of position, with which the strains are associated. In general, the kinematical relationships between strains and displacement components, connect six independent components of the strain matrix to only three components of the displacement vector. Therefore, the strain components are not independent of one another. This idea, represented by the equations of compatibility, establishes the geometrically possible forms of strain variations from point to point within a body.
Physically, the principle of strain compatibility implies a deformed body must be pieced together with no gaps, overlaps or other discontinuities, as shown in Fig.1 . It is evident from the above interpretation that the nature of the principle of compatibility is closely related to typical structural damage and, therefore, can serve as a basis for the development of NDE techniques.
The proposed method has many advantages in comparison with existing NDE technologies. The most important of these is that the method is applicable to isotropic and anisotropic materials experiencing elastic and non-elastic deformations, in curved or flat surfaces. In addition, the method is robust as the output signals from the clusters are invariant to loading conditions, for example, accidental loading or changes in the boundary conditions will not cause a false alarm [2] . In this paper, an experimental investigation is conducted for a newly proposed strain compatibility algorithm for the detection of delamination damage, which is applied to a composite cantilever beam using measurements obtained from a PSV-3D scanning laser vibrometer. The formulation of the strain compatibility algorithm is presented, followed by details of the experiment conducted and a discussion of the results.
Strain Compatibility Algorithm
The most general form of three-dimensional strain compatibility conditions are represented by a system of six homogeneous partial differential equations. It is well known that in the case of a very thin isotropic plate (utilising Kirchhoff hypotheses, small-deflection theory or classical theory) these six equations reduce to a single homogeneous Laplace equation, with respect to the sum of the principle strain components, as [2] ( ) ( )
where ε is the normal strain and x and y are the Cartesian coordinates. For beam components (onedimensional system) in bending, the strain compatibility equation (Eq. 1) can be reduced to [3] 
where w is the out-of-plane displacement of the beam. The use of a 4 th order least squares fit of the out-of-plane displacement can be utilised to determine strain compatibility (Eq. 2) and alleviate the adverse effect of noise by over-sampling neighbouring points. At each measurement point on the beam the fitted out-of-plane displacement is ( )
where a i , b i , c i , d i and e i are real constants, P(x i ) is the 4 th order least square fit of the out-of-plane displacement at measurement point x i , i is the measurement point of interest, (2n+1) is the number of neighbouring measurement points used for the fit around each point i and is the total amount of measurement points. The constants (a i , b i , c i , d i and e i ) can be solved by evaluating, 
where ∆ i is the residual strain compatibility, which in the absence of damage should be zero.
Experimental Investigation
To determine the potential of the strain compatibility technique, an experimental investigation was conducted to identify delamination damage in a cantilever beam with a force applied at its end. The composite beam was made of 0/90 straight woven 6 ounce E-glass fibre cloth and vinyl ester resin matrix. The specimens were prepared with in-plane dimensions 551 x 50.2mm and laid-up with 8 layers of cloth producing a 2.9mm thickness. It was manufactured using a wet lay-up technique and left to cure at room temperature. The delamination was introduced by placing two strips of Mylar polyester film between the fourth and fifth layers, creating a delaminated section across the width of beam with a length 105mm, beginning 237mm from the cantilevered end. This delamination section was then initiated by stressing the area and destroying the weak bond between the two Mylar films. A 4Hz sinusoid excitation was applied to the end of the cantilever beam via an electromagnetic shaker with a 5mm stroke and a PSV-3D scanning laser vibrometer (as seen in Fig. 2 ) was used to measure the resultant outof-plane displacement. The PSV-3D operates on the Doppler principle and uses three laser heads to measure the vibratory displacement in the direction of each laser, from which the displacement components in three orthogonal directions is obtained via an orthogonal decomposition [4] . A line of 501 measurement points ( ) was used, spanning a length of 467.8mm along the centreline of the beam, and signal to noise ratio of the out-of-plane displacements was measured at 43 dB.
Discussion of Results
The residual strain compatibility (∆ i ) was determined ( Fig. 3) for a varying number of measurement points used to evaluate the least squares fit of the out-of-plane displacement (2n + 1). When using 51 or 101 measurement points to evaluate the least squares fit of the out-of-plane displacement (2n + 1) ( Figs. 3a and 3b respectively) , the residual compatibility is significantly affected by noise, making it incapable of localising the delaminated section. The use of 151 and 201 measurement points ( Figs. 3c and 3d respectively) effectively filters out this noise to reveal a peak in the residual strain compatibility, which identifies the delaminated section. However, with an increase in the amount of measurement points used to determine the least squares fit, the spatial resolution is reduced. In addition, there is a reduction in the range over which the residual strain compatibility can be calculated at the edges of the scan. Therefore, an optimum number of measurement points is required to evaluate the least squares fit (2n + 1) in order to detect damage effectively.
It should be noted that the peak does not encompass the whole area of the delaminated section. The cause of this is most likely due the weakly bonded Mylar films not debonding across its entire surface, producing a smaller delaminated section. To show the effectiveness of strain compatibility in detecting the delaminated section, the residual strain compatibility is compared with the least squares fit of the beam curvature (the grey line in Fig. 3 ). This demonstrates that the peak in strain compatibility corresponds exactly to a change in stiffness of the beam, caused by the delamination. 
Summary
This paper has presented an experimental investigation of a new damage detection technique, based on the concept of strain compatibility. This technique utilises strain compatibility conditions to determine violations of these conditions for localised areas and, therefore, indicates the presence of cracks, delamination and other types of damage. The major features of this technique is the invariance to time-dependent loading conditions and, as strain compatibility hold for all material properties, the technique can be applied to structures with elastic and non-elastic deformations. The strain compatibility algorithm was implemented in the experimental investigation of a delaminated composite cantilever beam. The out-of-plane displacements, caused by a force applied to the end of the cantilever beam, were measured by the PSV-3D scanning laser vibrometer. The accurate localisation of the delaminated section verifies the validity of the proposed approach.
Future work will focus on optimising the strain compatibility algorithm and applying the strain compatibility technique to the detection of delamination in laminate composite plates in bending.
